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Until near the middle of the last century, interest in the scientific 
study of glaciers can hardly be said to have existed. Attention was 
first attracted to the subject in 1840 and 1841 by the appearance of 
monographs written by Agassiz and Charpentier and dealing with the 
glaciers of the Alps. The interest aroused was even then less because 
of the glaciers themselves than for the reason that Agassiz on the 
basis of his studies founded a new and highly attractive theory of 
origin for the so-called "drift" of the Alpine foreland and Northern 
Europe. 

The vast ice mantle which he thus pictured in imagination as at 
one time spread over Northern Europe was tens of thousands of 
times larger than any glacier which he had seen, and must obviously 
have presented but few points of resemblance to the puny glaciers of 
Switzerland, but it was none the less clothed throughout with identi- 
cal attributes. 

It is one of the interesting coincidences of science that almost at 
the moment when Agassiz was hypothecating the great Pleistocene 
ice sheet of Northern Europe, the greatest of existing continental 

* An address delivered before the Indiana Academy of Science at its annual meeting in Terra 
Haute, May 12, 1911. 
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642 The Pleistocene Glaciation of North America 

glaciers was being independently approached by no less than three 
great exploring expeditions sent out under American, French, and 
English auspices. Although Wilkes, Dumont d'Urville, and Ross, 
all arrived at the margins of the great Antarctic ice sheet, no one of 
them set foot upon it; and thus the conception of earlier continental 
glaciers took definite shape before any existing example had been 
studied. To-day, three-quarters of a century later, with the newly 
acquired data of the Nordenskiolds, Nansen, von Drygalski, Scott 
and especially of Peary and Shackleton before us, it becomes neces- 
sary to recast all the traditional notions concerning continental 
glaciers, modelled as these have been upon the Alpine glacier type. 

Let us, then, start afresh and, with all the available light of the 
present, consider the known types of existing glaciers; for as Sir 
Charles Lyell has so well said, "The present is the key to the past." 

In order that glaciers may develop it is necessary that snow should 
accumulate in quantity greater than that which anywhere falls within 
the limits of a single season. More snow must, therefore, be pre- 
cipitated than can be melted, and a residue must in the average year 
be left over to be added to accumulations of succeeding seasons. 
Wherever this condition exists, small glaciers are certain to be 
formed ; for, unless melted, the snow accumulates until by its weight 
lower layers are transformed into ice, which under the influence of 
gravity moves down into lower levels until melting puts a stop to 
further extension. 

The source of the snow by which glaciers are nourished, is in all 
cases the moisture carried in the atmosphere; though, as we shall 
see, the changes which this moisture undergoes before it is delivered 
to the glacier are notably different in the case of continental glaciers 
from what they are in other types. All the remaining types owe 
their existence and continued nourishment to the presence of an 
upland area which, being in the path of moisture-laden surface winds, 
has forced these air currents to rise and deposit their moisture in the 
form of snow. In contrast to continental masses of ice such glaciers 
may all be included under the name mountain glaciers. 

It is a little difficult for one who has not given attention to ther- 
modynamics to understand why the mere rise of air currents should 
compel them to deposit their moisture, .but this may be made clear 
by homely illustrations. 

First of all, it may be stated that the capacity of air to absorb 
moisture increases with its rise of temperature, and is decreased 
correspondingly when fall of temperature occurs. The air of a room 
twenty feet square and ten feet in height at a temperature of 80° 



The Pleistocene Glaciation of North America 



643 



^ - 



ft W^ 
9 xn 



(t jo* 
n 2 
a «■ 

is 

o o 






Cfe- 



V 












^- 



^ 
l\j-- 



Fahrenheit, can absorb 6% pounds of 
water in the form of vapor and is then 
- said to be saturated. If now the 
temperature is reduced to 6o°, the 
same volume of air can hold but 3^4 
pounds of vapor, and three pounds, 
• or nearly one-half, will be deposited 
as water. Cooling of the air has, 
therefore, the effect of precipitating 
moisture, and it is because air cools 
■ as it rises that rain or snow is pre- 
cipitated upon mountain slopes. 

The cooling of the air as it rises 
upon the slopes of a mountain range 
is largely the result of expansion as the 
air adjusts itself to the lower press- 
ures of the higher air layers. This 
so-called adiabatic change of air tem- 
perature without heat being either 
communicated to or abstracted from it, 
may be illustrated by the air current 
which escapes from the opened valve 
of a bicycle tire that has been stand- 
ing in the sun on a hot summer day. 
Although the tube and its contained 
air are so warm as to feel uncom- 
fortable in the hand, the current of 
escaping air is none the less so re- 
frigerated by its expansion as to feel 
distinctly cool. To repeat, then, moun- 
tain glaciers are all in common nour- 
ished by snow whose precipitation is 
brought about by adiabatic cooling of 
surface winds. 

Glaciers are extremely sensitive to 
climate changes, and are extended by 
any lowering of the average annual 
temperature of the air, as they are re- 
duced in size by any elevation of the 
seasonal temperatures. It has been 
estimated that a fall of but 3° Fahr. 
in the average annual temperature 
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within the Scottish Highlands, would cause small glaciers to develop 
there, and a very moderate fall only of the annual air temperatures 
within the lake region of North America would with little doubt 
bring about a re-invasion by an ice sheet such as has more than once 
covered it in the past. The nourishment of this ice sheet would, 
however, as we now know, be quite different from that of mountain 
glaciers. 

Before we can discuss intelligently the conditions of nourish- 
ment and waste of continental glaciers, we must learn something 
of their forhi and the meteorological conditions which surround 
them. Fortunately, the studies of Baron Nordenskiold, of Nansen, 
Chamberlin, von Drygalski and Peary upon the "Great Ice" of 
Greenland, and Otto Nordenskiold, von Drygalski, David, Scott 
and Shackleton in Antarctica, have now supplied the necessary data 
for such a discussion. 

As soon as we consider the physiographic development of a con- 
tinental glacier, we note at the very outset that this is fundamentally 
different from that of any mountain glacier. Whereas in the lat- 
ter the land surface always projects above the highest levels of the 
ice and snow, this is never true of a continental glacier. For this 
reason the mountain glacier is constrained to assume a form depend- 
ent upon the slope of the underlying rock within the hollows and 
troughs which it occupies upon the mountain surface. The con- 
tinental glacier, on the other hand, blankets the entire rock surface 
except where the ice thins about its margins. Its model is, there- 
fore, independent of its basement, and experience has shown that 
the form which it assumes is that of a flat dome or shield, as was 
first proven by Nansen in 1888 by his crossing of Southern Green- 
land (Fig. i). 

The continental glaciers of both Greenland and Antarctica are 
so vast and attain such elevations that mighty mountains may 
exist buried deep beneath the blanketing ice, and the crucial con- 
dition for the development of the domed surface is that all hollows 
and troughs of the basement shall be more than filled with snow- 
ice mass. If the scale be so reduced that we have to do with a 
small but high plateau surface on which the indentations are but 
slight, the same shield-like form is developed, as may be observed 
in the ice caps of Iceland and Southwestern Norway (Fig. 2). 
Whenever it is held within hollows of the underlying rock surface, 
the glacier has movements dependent upon that surface and is 
modelled upon it. Beneath a continental glacier, the rock surface 
may be either in the form of a dome or a basin, or, so far as we 
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know, may have a much more complex physiography. We know, 
at least, that the glacier of Northern Europe in late Pleistocene 
times rested upon the Baltic depression, behind the great rampart 
of the Norwegian plateau. The movements of continental glaciers 
are thus, unlike those of mountain glaciers, not determined by the 
grades of the underlying floor, and we must seek their cause in a 
different quarter. 

The clue to the discovery of the manner of shaping of con- 
tinental glaciers was furnished by Lieutenant, now Admiral, Peary, 
when in 1892 and again in 1893-5 he carried out his remarkable 
sledge journeys across Northwestern Greenland. Here, as he has 
expressed it, there was found "an imperial highway" across the 
desert of snow. Whenever his course lay relatively near to the 
margin of the ice, he was forced to descend into dimples of the 
surface which lay back from the outlets of the ice to the fjords 
indenting the margins. From these "basins of exudation" he would 
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Fig. 2 — Shield-like profile of an ice-cap in Iceland. 

ascend the low ridge which lay between each dimple and its neigh- 
bors. Farther back from the ice margins these pronounced surface 
features faded gradually into a featureless plain of snow rising on 
imperceptible grades toward the interior of the continent. 

Upon this desert of snow and sky Peary made a discovery of 
the greatest importance to students of glaciology. Whereas away 
from the continental ice, wind directions are determined directly 
by air pressures registered on the barometer, it was found that 
above the "Great Ice" the barometer readings were no longer of 
importance, for the wind direction was in all cases directly down 
the slope of the snow-ice surface. Upon the crests of the ridges 
which separated the dimples, calms were encountered, whereas 
within the basins the wind rushed down to the fjords from the ice 
plateau above. The directions of these currents were the same 
as those which would be set up within a film of water sliding off 
in all directions from the central area of the dome. Usually of 
sufficient strength to lift the dry granules of snow a couple of feet 
or more into the air, Peary advanced in a sibilant drifting snow 
cloud in which the dogs would be submerged perhaps for days. 
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When the wind developed greater strength, the drifting snow would 
rise to the height of a man, and during the characteristic blizzards 
it is probably carried to heights of loo feet or more above the ice 
surface. Yet the direction of movement is always and invariably 
outward from the center of the dome. 

The void which would otherwise develop above the center of 
the snow-ice shield, must be supplied from the upper air currents, 
which in consequence are drawn down in a central column — the 
eye of a so-called anticyclone fixed at this locality. Into this vortex 
come the high level clouds from lower latitudes — ^the antitrades — 
and from this continental ice mass are distributed the surface winds 
in a centrifugal arrangement. It must be evident, then, that surface 
air currents such as those whose moisture feeds the mountain 
glaciers, must be powerless to nourish continental ice masses. 

The centrifugal air currents above the ice surface are explained 
by a refrigeration of the air layer which is in direct contact with 
the snow-ice surface. As all are aware, effective abstraction of 
heat from a gas, must be carried out at the top in order that the 
parts rendered heavier by cooling may descend and through dif- 
fusion affect the temperature of the remaining portions of the 
medium. 

The movements of the cooled lower layers of air in contact 
with the ice are a direct consequence of the dome-like form of 
the mass, since this permits the heavier refrigerated bottom air 
to respond to the pull of gravity as do all bodies lying upon an 
inclined plane. Like them, also, the velocity is accelerated with 
time, so that blizzards which surpass in intensity any that are else- 
where known, develop periodically above our existing continental 
glaciers. 

We have learned that when air is forced to ascend, it is cooled 
adiabatically ; that is, without any abstraction of heat from it. 
Descending air currents, for a like reason, are correspondingly 
warmed as a result of their compression. Reverting to our example 
of the bicycle tire, every modern schoolboy is aware that the air 
which with the aid of a pump he forces into the tire becomes so 
warmed as to communicate its heat to the rubber of the tire. The 
air which slides down the slopes of the Greenland continental 
glacier is not infrequently so elevated in temperature as to make 
the hot and dry winds known as fohns a characteristic of the fjords 
on the margin of the continent. 

But we have still to explain the derivation of such vast quantities 
of snow as must have been required to produce the continental 
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glaciers, where surface currents are effective only in transferring 
the snow from the central portions toward the periphery. This 
process must reduce the thickness of the glacier at the same time 
that it extends its margin (Fig. 3). 

It is, moreover, at the margin of the continental glacier that the 
processes of waste become effective. Snow is here borne by the 
winds out upon the sea to be melted, icebergs are here detached 
and ultimately dissolved, and surface melting during the summer 
seasons may reduce the level of the ice surface. The most obvious 
effect of the anticyclone above the glacier is, therefore, to waste, 
rather than to nourish it. It is not here in point to affirm that 
existing continental glaciers are to-day in process of gradual extinc- 
tion, since they appear to be drawing in their margins; for it is 
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Fig. 3— Diagram to show the position of the glacial anticyclone above a continental glacier, 
and the manner in which the latter is shaped by its action. 

none the less clear that they must in an earlier stage have acquired 
their vast proportions beneath the same fixed anticyclone of the 
atmosphere. 

Is there, then, within the upper atmosphere a content of moisture 
which can by any process be deposited upon the glacier as snow in 
presence of the anticyclone ? The carriers of moisture in the atmos- 
phere are, as we well know, the clouds, and these in different levels 
assume quite different aspects. The highest, and the only ones 
characteristic of the sky above the continental glaciers of Green- 
land and Antarctica, are what are known as cirrus clouds or simply 
the cirri. The cirri usually float at elevations of between five and 
seven miles, and unlike the fleecy wool-pack clouds of lower levels, 
the cumuli, the cirri are detached, delicate, fibrous, and often feath- 
ery. In view of their ^reat height, their moisture must be in the 
form of ice, both because of the existing temperature at that altitude 
( — 65° F.), and because of the great adiabatic refrigeration to 
which vapor must have been subjected during its ascent from the 
ocean's surface. 

We are not, however, dependent upon assumptions of this kind. 
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for cirri have more than once been penetrated by men in balloons. 
In the year 1850 Barral .and Bixio ascending from Paris* en- 
countered at an elevation of between four and five miles a cloud 
which consisted of fine ice particles. "We are enveloped," they say 
in their journal, "in little particles of ice in extremely fine needles 
whiph accumulate in the folds of our garments." 

Effective' scientific attack upon the problems of the upper atmos- 
phere, is, however, all comprised within the last quarter of a cen- 
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Fig. 4— Diagram to show the different layers of the lower atmosphere as determined by inter- 
national observations with the use of both manned and sounding balloons. 

tury, and has been coincident with so many other forward strides 
in science, that the results have received less attention than their 
importance demands. Manned balloons fitted with perfected mete- 
orological instruments have repeatedly ascended to very high 
altitudes ; Berson in the "Phoenix" to over six miles above the sur- 
face. On Dec. 4, 1894, when this ascent was made from Berlin, 

* Barral et Bixio, Journal du voyage aeronautique fait le 27 juillet, 1850, Comfies Rendus de 
I'Acad. Franc, vol. 31, 1850, p. 129. 
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at an elevation of nearly six miles, this daring balloonist penetrated 
a cirrus cloud which in the upper layers consisted of ice needles 
and in the lower of very fine ice crystals, and these latter appeared 
to be evaporating into the dryer air below.* 

By means of sounding balloons which carry self-registering 
meteorological instruments, direct observations upon the atmosphere 
have now been carried to elevations of about 60,000 feet, or nearly 
12 miles.f 

As a result of extended studies undertaken with international 
cooperation, we now know that it is a relatively thin layer of the 
earth's atmosphere which is directly modified by the convective air 
currents arising at the surface (Fig. 4). This lower and so-called 
convective zone of the atmosphere at an altitude of nearly seven 




Fig. 5 — Map to show the positions of the existing continental glaciers, which develop 
the excentric wind poles above the earth's surface. 

miles ends abruptly beneath the so-called advective or isothermal 
zone which is warmed solely by absorption from the sun's rays 
which penetrate it. 

As we ascend in the convective zone from the earth's surface, 
we first pass through a more or less saturated layer in which float 
the lower clouds. This surface zone of saturation extends to an 
altitude of about two miles and is succeeded by a notably dryer 
layer devoid of clouds. The air temperatures, which have been 

* R. Assmann, A. Berson, and H. Gross, Wissenschaftliche Luftfahrten ausgefiihrt vom deutschen 
Verein zur Forderung der Luftschiffahrt in Berlin, 1899-1900, vol. 2, p. 434, and vol. 3, p. 181. 

+ E. Gold and W. A. Harwood, The present state of our knowledge of the upper atmosphere as 
obtained by the use of kites, balloons, and pilot balloons (Report of Committee read at the Winnipeg 
meeting of the British Association for the Advancement of Science in 1909), Rept. Brit. Ass., 1909, 
PP- 1-55. 
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falling rapidly as we ascend from the surface, are from here lowered 
by a nearly uniform and even more rapid rate approaching the 
adiabatic gradient for dry air. Nearing the top of the convective 
zone, where the temperature descends to some 6^° below the zero 
of our Fahrenheit scale, moisture is again encountered, but here 
only in the congealed condition made visible at the earth's surface 
as the cirri. These cirrus clouds move with quite extraordinary 
velocity beneath the isothermal zone of the. atmosphere, and in this 
may be compared to the water vapor, which rising in a room floats 
laterally just below the ceiling. Above this convective ceiling of 
the atmosphere, the air is dry, of almost uniform temperature, and 
with winds of much lower velocities than in the layer below. 

As already stated, the cirri are the characteristic and almost the 
only^ clouds .which have been observed above the Greenland and 
Antarctic continental glaciers. At times these clouds are distributed 
in long bands known as "polar bands" or "Noah's Ark" clouds, 
which, starting from a point upon the horizon, after passing the 
zenith converge at an opposite point. In the light of present known 
facts the high-level antitrades of moderate or low latitudes travel 
poleward with their moisture in the form of ice needles, and this 
is returned to the earth's surface in the vortices of great anti- 
cyclones fixed above the existing continental glaciers. These high 
latitude glaciers are thus, so to speak, excentric wind poles of the 
earth quite analogous to the excentric magnetic poles .(7\g. s). 

In order to comprehend the manner of this return, we must first 
familiarize ourselves with the existing atmospheric condition above 
and about the great continent of Antarctica. If in the more open 
summer season we sail into high southern latitudes, we there en- 
counter drifting sea ice, which is slowly moving northward into 
lower latitudes. An all but impenetrable wall, this pack ice hems 
in the Antarctic, and has in large measure been responsible for 
the tardiness of our attack upon the fascinating problems of that 
inhospitable region. Wherever low islands are encountered upon 
our course, they are found buried beneath a dome of snow and ice, 
while higher islands reveal projecting shoulders only of rock each 
bordered by a fringe of glacier, the well-known ice-foot of the 
southern seas. 

Approaching the margins of the continent, it is not generally land 
that is seen, but a perpendicular wall of compacted snow which looms 
up in the distance, and can be followed by the eye into the distant 
horizon. Arriving at this escarpment, further navigation is stopped, 
and the problem is now to discover a favorable locality for scaling 
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the cliff. This so-called barrier or shelf-ice constitutes an inner 
and vastly thicker floating fringe of ice, which may be regarded as 
the second line of defense which in Antarctica has been raised 
against invasion by explorers. Though the problems of this shelf- 
ice are of great interest, they are not within the scope of the present 
paper. 

Passing, then, this second 
ice terrace, which upon the 
Ross Sea has a width of 
more than three hundred 
miles, we at last arrive at 
the true continental glacier 
resting upon the land and 
resembling that which we 
have come to know in 
Greenland. 

At one place only, so far 
as yet known, does this in- 
land ice come down directly 
to the sea without an inter- 
vening rim of shelf-ice. 
This locality is in Kaiser 
Wilhelm II Land, near 
where the German Ant- 
arctic Expedition wintered. 
Here the flat dome of blue 
ice may be seen rising and 
fading away into the dim 
distance. The sweeping 
contours of the ice shield 
are even better revealed in 
views from the lone vol- 
canic peak, the Gaussberg, 
somewhat within the glacier 
margin and the one sombre 
patch in the surrounding 
ice-scape. 

Wherever held in by a wall of mountains, as in Victoria Land, 
the ice margin has, in the only places where its sections may be 
observed — the infrequent portals in the mountain rampart — a slope 
which is steep and rugged in the extreme. Shackleton's plucky 
ascent up the Beardmore portal after first crossing the 300 odd miles 




Fig. 6 — Profiles across the margins of the conti- 
nental glaciers of Greenland and Antarctica. 
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of barrier surface, is too fresh in mind to need repetition. After 
passing the mountains the slopes became more gradual, until at 
last his party advanced upon a surface so flat that to the eye it 
appeared horizontal, though constantly ascending toward the interior 
in a southwesterly direction. Scott and David have supplied us 
with sections across the ice margin in other parts of Victoria Land, 
and in these, as well as those already described from Greenland, 
we encounter but a single type of curve (Fig. 6). We are thus 
justified in saying that the flat dome of the Greenland continental 
glacier is duplicated in Antarctica. 

But what has been learned of the air circulation above the con- 
tinental glacier of Antarctica? As long ago as 1840, when Sir 
James Ross first sailed southward down the sea which bears his 
name to the front of the Great Ross Barrier, he recorded con- 
stantly increasing air pressures as though he were, advancing toward 
a fixed anticyclone. More than a half century later, when the new 
era of Antarctic exploration had been initiated by the "Belgica" 
expedition, even though no one had yet set foot upon the continent, 
Bernacchi observed the prevailing southeasterly winds about its 
margin and was able to write of them: 

"Their frequency and force, the persistency with which they blow from the 
same direction, the invariable high rise in the temperature, their dryness, the 
motion of the upper clouds from the NW., and, finally, the gradual rise in the 
mean height of the barometer to the south of about latitude 73° S., seem to 
indicate that the Antarctic lands are covered by what may be regarded prac- 
tically as a great permanent anticyclone, with a higher pressure than prevails 
over the open ocean to the northward." 

The Shackleton expedition has now removed any doubt which 
could before have existed upon the subject. Travelling southward 
upon the ice plateau, Shackleton found that the winds were always 
in his face, and that the snow dunes, the so-called sastrugi, indicated 
that this was the constant wind direction. The data from the journey 
of David to the south magnetic pole, though more complex because 
nearer the ice margin, are yet in some respects even more complete 
and convincing, while Scott's earlier expedition westward from 
McMurdo Sound may be drawn upon for still further confirmation. 
In the sky above the ice dome, high level cirrus clouds were often 
seen floating away towards the high interior, or in a direction almost 
exactly opposed to that of the surface air currents. 

Just as in Greenland, so here, the dry granular snow upon the 
glacier surface is being constantly lifted by the wind and carried 
outward to the margins. The gigantic centrifugal broom moves 
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rhythmically above Antarctica, the fierce blizzards corresponding 
to its outward strokes. At other times light sweepings of snow are 
borne outward along the surface, and Shackleton's decision to em- 
ploy ponies rather than dogs in his expedition, was to insure that 
at ordinary times his draught animals might keep their heads above 
the drifting snow. Attaining the plateau, Shackleton travelled south- 
ward over a deposit of loose snow which the terrific blizzard en- 
countered near his farthest south swept entirely away and left for 
his return a hard and white snow surface resembling Carrara marble. 
Returning by the Beardmore outlet, the upper one hundred miles 
he found likewise cleared of snow, while the lower forty miles lay 
buried deep beneath the sweepings. 

The observations made at the British winter station at the margin 
of the Ross Barrier, have in addition supplied us with a degree of 
detail concerning the action of this Antarctic refrigerating engine 
which rythmically develops and in turn terminates the southern 
blizzard. The completeness of our evidence is in large measure 
explained by the presence of the active volcano of Erebus, the move- 
ments of whose steam cap give some hint of the direction of the 
higher air currents for comparison with the lower. The conditions 
at this station during an Antarctic blizzard were found to follow 
one another in regular and orderly sequence. The series begins with 
a gentle northerly wind, which continues for a day or two and is 
believed to represent air drawn inward by the contraction of the 
air layer in contact with the ice during a calm above the plateau. 
To this faint breeze there now succeeds an absolute calm which 
continues for two or three days. A week or more from the beginning 
of the calm, the air begins to move outward from the continent, 
due to its sliding motion down the plateau slopes, and soon develops 
the force of a blizzard. Simultaneously with this movement, the 
steam cloud above the crater of the volcano, which normally indicates 
an upper current from the northwest, swings around to the north 
and takes on an accelerated movement, as though the upper air 
were suddenly drawn toward the center of the plateau to fill the 
void there forming. 

Although the winter station was located in a valley and generally 
controlled by local winds from the southeast, as soon as the blizzard 
had developed full force, this local tendency was overmastered and 
the wind came from the southwest off the plateau, but local con- 
ditions were resumed with the waning of the tempest. With the air 
always clear and dry, the blizzard comes to an end in a sudden 
warming of the air, the inevitable effect of its descent from the 
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plateau. A rise of temperature of as much as 45° Fahr. has been 
observed to occur within twenty-four hours, and simultaneous with 
this elevation of the temperature a fresh snow is precipitated which 
is in contrast with that picked up and driven by the wind in the 
previous stages. 

With so many of the data at hand, we may now discuss with 
some confidence the mechanics of the process — the operation of 
the refrigerating air engine of the Antarctic. The air descending 
in the vortex of the anticyclone to replace that which has slipped 
outward and downward upon the ice dome, is heated by its fall 
so that the ice needles of the cirri are first melted and then vaporized. 
Both these changes abstract heat from the air column and thus 
retard the temperature elevation due to descent. When, however, 
the air has been heated sufficiently, the movement within the vortex 
is reversed, so that a current begins to ascend in the chimney of 
the anticyclone. As a consequence, the upper currents now move 
outward instead of inward, and no doubt for this reason the steam 
cloud over Erebus is likewise temporarily reversed in direction, 
indicating a current from the south. It is in this manner, then, 
that the blizzard brings about its own extinction. 

The snow which is precipitated at the close of the blizzard is 
apparently the result of the moisture derived from the melting and 
vaporization of the ice needles of the cirri reaching the plateau and 
being suddenly chilled either by contact with the ice or by admix- 
ture with surface layers of cooler air. It is characteristic of such 
fresh snows over continental glaciers that the sky is not clouded 
and that the sun may be seen through the midst of fine snow needles. 
Baron Nordenskiold has described a quite remarkable fall above 
the inland ice of North East Larid, where partially melted ice grains 
enveloped in a globule of water were precipitated together with 
soft snow in an air temperature a number of degrees below the 
freezing point. 

The transfer of such vast quantities of rounded snow grains 
from the interior to the margins of continental glaciers, furnishes 
another striking parallel to the deserts of lower latitudes. Here 
it is the sand which is lifted by the wind and borne to the margins. 
A comparison of the marginal profiles of our continental glaciers 
with those taken on the lee of great sand dunes is, therefore, not 
without interest, and for the Antarctic at least we are able to say 
that the shaping of the glacial margins is in large measure accom- 
plished by the surface winds of the anticyclone. 

The snow which falls at the end of the blizzard — while the engine 
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is slowing down or reaching the end of its stroke — may be, as we 
have seen, picked up in the early stages of the next succeeding bliz- 
zard and transferred to the margins. At other and more favorable 
times, it would appear that it is retained upon the surface, for 
sections carried a short distance below the surface show an alter- 
nation of snow deposits which may well represent the growths of 
successive seasons, and it is necessary to assume that the glacier 
acquired its vast proportions beneath the same fixed anticyclone 
which we study to-day. 

The above in merest outline appears to be the process by which 
the continental glaciers are both nourished and shaped, a process 
which has little in common with that which feeds the infinitely 
smaller mountain glaciers. It is the lowest saturated layer of the 
convective zone of the atmosphere whose moisture feeds the moun- 
tain glacier. It is by contrast the uppermost layer of the same zone 
whose congealed moisture is drawn down to supply the nourishment 
of continental glaciers. Inadequate as is this outline, it is all that 
can be introduced in this paper, and those who find it unsatisfactory 
may be referred to a fuller treatment in technical papers* and in a 
book upon the "Characteristics of Existing Glaciers. "f 



Fig. 7 — Line setting forth the approximate proportions of expanse to thiclcness between the center 
and the margin of the latest continental glacier above the continent of North America. 

Living, as so many of us do, within the glaciated region of 
North America, we are naturally interested in the application of 
these observations to the great glaciers of Pleistocene times. Here- 
tofore pictured in imagination as enlarged models of Alpine glaciers, 
these vast mantles of ice were conceived to have spread over the 
country by a kind of viscous flow similar to that of the proverbial 
molasses in January. There are, however, some noteworthy differ- 
ences, as we can now appreciate. The maximum thickness of the 
latest Pleistocene glacier was assumed to have been 10,000 feet 
near the summit of its dome in Central Labrador, though it may 
perhaps have been twice that thickness. From this point the ice 
travelled southward up the northern slope of the Laurentian divide 
in Canada and thence to the Ohio River, a distance of over 1,300 
miles. If such a mantle of ice be represented in its natural propor- 

* Characteristics of the inland-ice of the Arctic region, Proc. Am. Phil. Soc., vol. 49, igio, pp. 
96-110 ; The ice masses on and about the Antarctic continent, Zezt, /. Gtetscherk^ vol. 5, 1910, 
pp. 107-120. 

t The Macmillan Co., New York, May, 1911. 
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tions from the center to the margin, we may use a line six inches 
in length and i/ioo of an inch in thickness to represent a thickness 
of 10,000 feet (Fig. 7). Obviously, the force of gravity . acting 
within the ice would be incompetent to effect a transfer from the 
center to the periphery, yet until the fixed glacial anticyclone had 
been proven and its efficiency as a broom recognized, no other hy- 
pothesis than that of viscous flow had been offered in explanation. 
For the Pleistocene period the fixed anticyclones were vastly larger 
than those of the present, and the wind circulation of the globe 
must have been a notably different one (Fig. 8). 

But, it is urged, we have in the polished and striated rock pave- 
ment beneath the drift, the clearest evidence that the lowest layers 
of the Pleistocene glacier were shod with boulders, that these abraded 




Fig. 8— Map to show the position of the continental glaciers of Pleistocene time, 
and the wind poles of the earth for the same period. 

the underlying rock surface, and that there was a radial movement 
from the Labrador and Keewatin centers of dispersion. These facts 
cannot be gainsaid, but what we sometimes forget is that each expan- 
sion of the ice was followed by a retreat from the invested region, 
and, further, that the steep gradients of the surface upon continental 
glaciers are restricted to the outer fifty or one hundred miles. 
Within this marginal zone, and here only, are surface slopes suffi- 
ciently steep to give rise to true viscous flow or whatever may be 
the manner of adjustment within the ice under the influence of 
gravitation. The abraded rock pavements may all be explained by 
grinding and ptucking action under this outer zone, which during 
successive advances and retreats occupies in turn all portions of 
the area. 
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The direct observation of ice movement in existing glaciers is of 
necessity restricted to surface and near surface layers and is of two 
distinct types. On the one hand there are inferences made from 
surface contours, from crevasses, etc., and on the other there are 
direct measurements carried out during more or less protracted 
periods. Both in Greenland and in Antarctica we find the evidence 
of marked differences of velocity in the surface ice currents. 
Walled in by mountain ramparts, each great glacier indicates clearly 
an abnormally high velocity within and near the outlets. Above 
each portal of the enclosing mountain range, the ice surface is 
depressed in a distinct dimple, just as is a lake surface above a 
raceway. Such dimples of the glacier surface have been described 
as "basins of exudation" by Admiral Peary. Fissures or crevasses 
within the ice surface, the universally recognized marks of ice move- 
ment, are always most numerous and important near the glacial 
margin, but they fade out and disappear at only moderate distances 
within the border. 

Upon the glacier outlets 
of Greenland rates of flow 
as high as fifty or even one 
hundred feet per day have 
been measured. Upon the 

Upernavik outlet von Dry- >_^ -.^ 

galski measured a rate of sv "^ 3) "^^"^^ 

flow of 59 feet per day, ~' ^^^^^^ 

while upon the inland ice ^'°- 9— Map to show the orientation and distribution 

some Hist-ance back but still "f sand dunes formed by winds of Pleistocene time, 

some aiStanCe OaCK, out Stni ^^^ prevailing winds instead of coming from 

comparatively near to the the west, as at present, were from an 

margin, the rate was less ^^'"'^ i""'« <»*'" s°'8")- 

than one inch per day. 

The one existing ice margin which must most resemble that of 
the Pleistocene glacier of North America was studied by the late 
German expedition to Antarctica. In the newly discovered Kaiser 
Wilhelm Land the ice spreads, it would appear, upon relatively flat 
slopes without constraint from a mountain rampart, and in conse- 
quence its slopes are apparently much flatter than those observed 
in other localities. Here the ice is reported to rise at its margin in 
a cliff from 130 to 165 feet in height, then on a steeply curving 
slope to an elevation of perhaps 1,000 feet, at which altitude the 
gradients have become relatively flat and with ever increasing flat- 
ness they extend into the far interior. Near the margin numerous 
fissures betray motion in the ice which exact measurements indicate 
to be only about one foot per day. At a distance of a mile and a 
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quarter back from the edge even this slight movement has dim- 
inished by fully one-eighth of its value. 

Overturned icebergs which have been derived from this margin 
make it clear that the ice is here shod with boulders and is apparently 
performing the same kind of abrasional work that we find such 
ample evidence for within the glaciated region of North America. 
We must, therefore, it is believed, so modify our views of Pleistocene 
glaciation as to account for the shaping of the glacier by the action 
of the anticyclone, and for the abrasional work upon its floor by 
internal movements which are restricted to a relatively narrow 
marginal zone. 

We are not to-day compelled to base all our knowledge of the 
Pleistocene continental glaciers upon analogies from existing ones. 
Direct evidence of a Pleistocene anticyclone has been obtained by 
Professor Solger of Berlin, who in studying the fossil sand dunes 
of the North German plain has shown that the prevailing winds at 
the time they were formed came not from the west, as they do to-day, 
but on the contrary, from the easterly quarter (Fig. 9).* 



The contributions made to our knowledge of glaciers during the 
last quarter century, but especially during the last decade, have been 
truly remarkable, but instead of exhausting this field of research, 
they have merely blazed the lines along which inquiry must proceed. 
From actual observations we as yet know nothing concerning the 
higher air layers above a continental glacier. What a virgin field 
awaits that student of the free atmosphere who is prepared to exper- 
iment with kites and with both manned and sounding balloons above 
either of the existing continental glaciers ! Though he will certainly 
encounter diflSculties, these would appear to be by no means insur- 
mountable. The exploits of Peary, Scott and Shackleton have so 
far stimulated polar expeditions that no less than six will this year 
winter in the Antarctic. The Norwegian, EngHsh and Australian 
parties under Amundsen, Scott and Mawson are already upon the 
ice, and Dr. Bruce, Lieut. Filchner and Lieut. Shirase will each 
direct expeditions under Scottish, German and Japanese auspices 
respectively. Though in most of these undertakings the lure of 
the pole is uppermost, yet scientific and geographic studies are not 
to be neglected. As regards the opposite pole of the planet, Donald 

* F. Solger, Ueber fossile Dunenformen im norddeutschen Flachlande, Verh. des XV deutsch. 
Geographentages zu Dantzig (Riemer, Berlin), 1905, pp. 159-172, Pis. 4-5. 
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MacMillan, a companion of Peary on his latest expedition, is next 
year to head a scientific expedition upon the Greenland ice. Students 
of glaciology will watch with lively interest the developments in 
connection with all these expeditions, and let us hope that as a 
result our knowledge of continental ice masses will be greatly 
extended. 

Ann Arbor, Mich., May 9, 1911. 



PROGRESSIVE DEVELOPMENT OF 

RESOURCES IN THE LAKE SUPERIOR 

REGION* 

BY 

LAWRENCE MARTIN 
Assistant Professor of Geology, University of Wisconsin 

Keweenaw Peninsula Canals and the Copper Mines. The 
Portage Lake ship canals (Fig: i), built where the great transverse 
valley nearly bisects Keweenaw Peninsula also show a large traffic 
and a steady increase with the development of the mineral resources 
•of the region, especially the copper. 

BOUND UP. BOUND DOWN. TOTAL FREIGHT. VALUA- 

NET TONS. NET TONS. NET TONS. TION. 

1895 560,672 363,084 923,756 $29,832,368 

1900 1,190,527 677,245 1,867,772 57,380,129 

1905 1,528,937 933.973. 2,462,910 79,998,109 

1907 1,728,673 767,663 2,496,336 101,919,661 

The copper (presumed to be chiefly not ore but the refined pro- 
duct) makes up only three-tenths of one per cent, of the tonnage 
shipped in 1907 (85,279 tons), though its value ($39,228,340 in 
1907) was over 38 per cent, of the tonnage. Other goods valued at 
-$101,919,661 were carried through the Portage Lake canals in 1907. 

Decrease of Lumber Shipments. Another product which is 
carried over the Great Lakes, is lumber; but in lumber transpor- 
tation Lakes Superior and Huron and Michigan will doubtless never 
be as important as they have been in the past. The lumber shipped 
past Sault Ste. Marie decreased 300 million feet; 156 million feet, 

* Continued from p. 572 in Bulletin No. 8, August, igii. 



